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BASIN A NECK AREA ’ :[ [:> l(j-ZL{

DRAFT FINAL REPORT

Rocky Mountain Arsenal Contamination Survey

1. References:

a. DRCPM (now USATHAMA)-DRR letter dated 21 July 1978, with |
inclosure, Subject: Rocky Mountain Arsenal (RMA) Contam-
ination Survey Plan.

b. DRCPM-DRR letter dated 2 August 1978, with inclosure,
Subject: Memorandum of Understanding, Rocky Mountain
Arsenal (RMA) Contamihation Survey.

WESGV letter dated 18 September 1978 with Incl 1, Subject:

1o

Basin A Neck Area, Implementation and Test Plan, Rocky
Mountein Arsenal (RMA) Contamination Survey.

d. Draft Report, Rocky Mountain Arsenal, Basin A, Groundwater
Quality Analysis, by J. R. Kolmer, July 1979.

e. Draft Report, Basin A, Rocky Mountain Arsenal Contamination
Survey, by J. D. Broughton, W. O. Miller, and G. B. Mitchell,
July 1979.

f. Basin F Containment Hydrogeology Assessment, Rocky Mountain
Arsenal, Denver, Colorado, A Report on Results of Deep

Drilling Activities, by D. C. Banks, July 1979.
BACKGROUND

2. Reference a contains the Contamination Survey Plan and test
rationale for tasks to be undertaken by the U. S. Army Engineer Water-

ways Experiment Station (WES) in the Basin A Neck Area (BANA) of RMA.

G7900611
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Reference b contains amplification of the test plan. Reference c contains
the Implementation Plan for RMA' Contamination Survey tasks to be accom~
plished in the vicinity of the neck of Basin A and Basins B, C, D, and E
at RMA. This work area of RMA has been referred to as the "BANA" since
submission of Reference c. The BANA is defined for this report as the
area bounded on the southeast by Basin B and cross section line F-F', on
the south by a line connecting boring No. 657 with boring No. 639, on
the west by a line connecting borings No. 639 through 356, on the

north by 9th Avenue between borings 356 and 378, and on the east by a
line between borings No. 378 and 130. This area encompasses Basin F as
well as Basins B, C, D, and E (sée Plate 1).

3. Reference d contains tpe groundwater sampling strategy and
procedures for the study in Appendix A. References e and f each contain
background material concerning historical exploratory geohydrological
activities at RMA, as well as discussions of the regional geology of the

RMA and the area northeast of Denver.
PURPOSE

4. The purposes of the tasks to be accomplished within the BANA
were as follows:
&. Quantify the groundwater flow regime at the "neck" of
Basin A for flow éxiting Basin A to the northwest.
b. Quantify the distribution of various pollutants in the

groundwater flow system exiting Basin A to the northwest.
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c. Identify any other groundwater flow paths (besides the
" exit flow to the northwest [in the alluvial aquifer-sic])
leaving Basin A.
d. Determine the areas of‘significant.movement for pollutants
in the groundwater flow exiting Basin A.
5. The purpose of this report is to document the findings of work
tasks performéd by WES in the BANA of the RMA. The results of physical
laboratory tests on "undisturbed" samples are incomplete, and will be

forwarded as an addendum to this report.
GEOHYDROLOGIC SURVEY

Drilling Activities

6. Prior to the start of this work approximately 150 boring logs
were available within the study area. Most of these borings had pene-
trated only the uppermost, or alluvial aquifer (ALL). However, several
borings, most notably 455 on the southeast corner of Basin F, had
penetrated two additional aquifers within the "pedrock," or Denver
Formation. The upper of these two aguifer units, typically an orange-
yellow to green-yellow, fine, slightly silty sand (SM in the Unified
Soil Classification System (USCS)), hereinafter is referred to as the
Upper Denver Sand (UDS). The lower of these aquifer units, typically a
pale-gray to blue-gray, fine, slightly silty sand (SM in the Uscs)s
hereinafter is referred to as the Lower Denver Sand (IDS). 1In view of
these "bedrock" aquifers WES obtained permission to drill BANA exploratory

borings to 100 ft or more at the discretion of the Project Geologist.
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Primary emphasis was still to remain with the ALL in the BANA, with time
constraints precluding anything but a relatively cursory examination of

the bedrock aquifers.

7. Exploratory borings and piezometer placements were accomplished
at the original 23 sites outlined in Reference ¢, plus additional
discretionary sites. Plate 1 illustrates the locations of all boring
sites in the BANA. Borings accomplished for this task are numbered 801-
826 inclusive plus 640, 651, and 455. The total number of sites occupied
for drilling operations was 29, with 21 observation wells being installed
in the ALL, 15 sealed piezometers being installed in the UDS, and 13
sealed piezometers being installed in the ILDS. Points of interconnection
(or "windows") of the UDS with the ALL were found at four sites--808,
810, 813, and 824, and at each of these the shallow observation well was
screened from the base of the UDS across the ALL contact and several
feet higher. Further, "windows" connecting the UDS with the LDS were
found at three sites-—809, 823, and 825, and at these sites the sealed
piezometer is screened from the bottom of the LDS across the UDS contact

and several feet higher. Table 1 is a summary of all drilling activities

accomplished under BANA tasks.

Field Permeability Tests

8. The most reliable method for determining aquifer permeability
is the classical pump test. Time and funding constraints precluded
conducting any true pump tests. However, slug tests or falling head

tests, as appropriate, were substituted for pump tests. These field
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tests are relatively simple to perform, most tests are completed within
20 minutes, and they are usually reproducible. Slug tests were performed
four times on the UDS sealed piezometer at site 455 with all four
results lying within a 2.2 percent spread. All tests were performed,
and data reduced, as described in References e and f.

9. A total of 39 field permeability tests are reported in Table 2,
6 of which overlap with the Basin A study and 4 of which overlap with
the deep drilling assesément around Basin F; of the 29 remaining tests,
only 6 required Bouwer and Rice assumptions to obtain a type-curve
match, indicating unconfined flow conditions at those sites. Nine
tests were conducted in the ALL, but due to the extreme desaturation of
the ALL, falling head tests were required--type curve matching was poor
on these tests, and fhe permeability values obtained should be considered

to be questionable.

Top of the Denver Formation

10. The elevation of the top of the Denver formation was tabulated
for approximately 175 boring sites in the BANA, Basin A, and southernmost
F-to-North-Boundary areas. These elevations were plotted in plen view,
linear interpolation was used, and a map of "bedrock" topography was
contoured. This map, Pl;te 2, has as its most prominent feature a
deeply incised stream channel across the neck of Basin A, and trending

‘roughly from east to west toward the west boundary of the arsenal.
During periods of high saturated thicknesses in the ALL this map would

be less instructive than it is under current low-saturated thickness
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conditions. Plate 2 indicates that under low-saturation conditions in
the ALL, alluvial water flow may become controlled by "bedrock" topog-
raphy, in vhich case it is difficult to imagine any significant flow
from Basin A flowing anywhere but t§ the west.

11. A second feature of Plate 2 is the less-prominent channel
exiting Basin F to the northeast. Most alluvial flow under Basin F,
including vertical leakage from Basin F, would be constrained by "bedrock"
topography to flow northeast across 9th Avenue before Eontributing to

the F-to-North Boundary flow regime.

Water Level Distributions

12, As mentioned before, the ALL is in a period of very low satu-
rated thickness conditions. Water level surveys were accomplished in
early January, late March, and early June, and most readings are rela-
tively consistent over that period. Some wells showed slightly increasing
saturated thicknesses (i.e., wells 626-639) but most of the changes over
the three sur#eys showed water level declines of a few tenths of a foot
to over 2 ft. Many wells in all three surveys were "dry." In order to
be considered as "dry" one of two conditions must be met:

8. There is no water in the well, in which case the well is
quite literally‘"dry," or
b. The water level elevation reported from the survey is’
below the elevation of the top of the Denver formation in
which case the well is functionally "dry."
Plate 3 is & map of water level elevations in the alluviel aquifer for

1 June 1979. Linear interpolation was used between data points.

6
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Saturated thicknesses were examined, the contoured map compared with the
"bedrock" tépography map, Plate 2, and the "bedrock" topographic control
of flow in the ALL became obvious. Areas of "dry" wells are denoted
with the pattern; datae control is shown with solid dots ( ).

13. The most dominant feature of Plate 3 is the bifurcating pattern
of alluvial flow. The steepest ALL flow gradients are to the west,
coinciding with the position of the incised channel in Plate 2. The
portion of this bifurcating flow which passes under Basin F 1s probably
a minor component of total ALL flow in the BANA. Indeed, with Plate 3
contoured as shown, only flow from Basin A on the extreme northeast side
of the "neck" could possibly follow the gradients shown and actually
flow under Basin F. The low flow rate from Basin A, only about 0.l gpm,
probably cannot reach the underflow regime around Basin F, under current
low ALL flow conditioms.-

14, Plate 4 is ﬁ contour map of water level elevations for the
UDS. Data control, as shown by the solid dots, is sparser than for the
ALL map, but is still well enough distributed to result in reasonable
confidence in the map. Flow paths in the UDS are generally to the
northwest, and they are broadly similar in pattern and distribution to
the water level contours in the ALL, Plate 3. The general similarity in
contour shape between the ALL and the UDS indicates the possibility of
hydraulic interconnection between these two aquifers. In most areas the
ALL heads range from about 1 ft to as much as 10 ft higher than heads in
the UDS. Areas in which the ALL and UDS heads are quite similar are'on

the northeast side of the neck of Basin A and the southeastern corner of

T
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Basin F, suggesting "windows" of interconnection in both areas. Boring
logs from Basin A (Reference @) confirm a "window" in the neck of Basin A,
and boring logs for sites L4k, L8, 452, 455, 456, 876, 87T, and 883
(these last two are exploratory borings done by Earth Sciences‘Associates,
architectural engineer contractor to Black & Veatch) confirm the presence
of a "window" at the southeastern corner of Basin F.

15, Plate 5 is a contour map of water level elevations for the
LDS. Data control, as shown by the solid dots, is even sparser than for
the UDS. Without additional data control Plate 5 should be used with
caution. LDS contours are broadly similar to both the ALL and UDS maps,
Plates 3 and 4. However, heads in the LDS are generally from about 5 ft
to more than 25 ft lower than heads in the UDS. Areas in which UDS and
LDS heads are quite similar (within about 3 ft of each other) are at
site 809 where a UDS-LDS "window" is documented by the boring log, and
along the southwestern half of line F-F' where a UDS-LDS window has been
ipferred from boring logs. Contours are also quite simila? along the
western side of Basin F, suggesting a window in that area, although data
control is too sparse to have any confidence in a conclusion based upon
that suggestion. Other interesting patterns to note are: (a) the
northeasterly flow path in the neck of Basin A, (b) the axis of westerly
flow which is apparently located approximately 1000 ft further south in
the LDS than in the UDS and is oriented approximately 45 deg soutﬁwest
from the axis of UDS westerly flow, (c) the virtually perpendicular

orientation of UDS versus LDS flow lines in the neck of Basin A, and
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(d) heads in the LDS are higher than those in the UDS in the neck of

Basin A between section lines F-F' and G-G' (Reference ).

Stratigraphic Sections

16. Plates 6 through 12 present stratigraphic cross sections for
section lines F-F', and for lines U-U' through Z-Z', as shown on Plate 1.
On each of these plates the heavy line of highest elevation is the
topographic profile of the ground surface. The heavy line next lower
in elevation is the top of the Denver Formation. The heavy line of
lowest elevation divides the upper part of the Denver Formation contain-
ing the UDS from the lower part of the Denver Formation containing the ILDS.
Whether this line represents an erosional unconformity, a redox boundary,
a facies boundary, or some other phenomenon is still subject to specu-
lative interpretétion. Above this third line there is very little
lignite present in the clays, clays usually show evidence of oxidation
(small stringers of limonite and hematite) and the UDS is generally
yellow to orange-yellow to green-yellow. Below this line lignite is
abundant, there is no evidence of oxidation of iron, and the LDS is
usually pale-gray to blue-gray. This evidence tends to support the
notion that the third heayy line is a rédox boundary dividing an oxi-
dized UDS zone from & reduced LDS zone. Positions of all well screens
are shown on Plates 6-12 with a horizontal pattern. Inferred correla-
tions are indicated by dashed lines, while correlations from adjacent
holes are shown with solid lines. Total depth of penetration is shown
by the vertical lines beneath thé boring locations indicated with arrows

and boring numbers.
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17. Several observations are possible from these section lines.

a.

b.

c.

Line F-F',

(1) The ALL is in direct contact with the UDS between
borings No. 723 and 6L8.

(2) The UDS is inferred to be in direct contact with the
LDS between borings 650 and 651.

(3) Only the deep screens at borings No. 651 LDS, 640
UDS, and 723 through 725 are known to have been sealed
with grout, leaving the possibility of drilling-
induced contamination migration at many of the other
screens in the Denver formation.

Line U-U',

(1) A window between ALL and UDS is strongly suggested
between borings No. 817 and 818, and redrilling boring
No. 139 could help confirm this suggestion. Since fhe
ALL is "dry" in this area, cross contamination is
probably not an immediate problem.

Line V-V'.

(1) A man-made ALL-UDS window is possible at boring No. 1hl
where the confining CH (highly plastic clay in the
USCS) at the top of "bedrock" is only about 3 ft thick.
The exploratory drilling completely penetrated this CH
and a gravel-packed trap enters the UDS here.

(2) A natural ALL-UDS window was drilled through at site
813. The inferred dimension of this window is approx-

imately 600 £t along V-V'.

10
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(3) A UDS-LDS window is possible and inferred between
borings No. 815 and 675.

Line X-X'.

(1) An ALI-UDS window was drilled through at site 803.

Tts lateral extent is inferred at approximately 1300 ft
in the vicinity of 803. Redrilling site 41 or 42 is
suggested. .

(2) A UDS-LDS window was drilled through at site TT0
(Reference.g). Its lateral extent is inferfed at
gbout 1000 ft near TTO.

Line Y-Y'.

(1) An ALI-UDS window was drilled through by all explora-
tory borings on Y-Y' northeast of site 490. One or
two borings between sites 491 and 824 would help to
establish the lateral extent of this window. Its
inferred extent is approximately L00O ft along Y-Y'.

(2) The shellow screen at site 455 has a 67-ft trap on the
bottom of the screen, and is probably gravel-packed
from the ALL all the way into the LDS thereby aggra-
vating contamination cross connections.

Line Z-2'.

(1) There is an ALL-UDS window across most of the southern
end of Basin F between borings No. 805 and U56. Its
lateral extent is inferred to be about 2200 ft along

-7,

11
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(2) A small UDS-LDS window is inferred to be between sites
492 and 804, 'and may be the lateral continuation of

the UDS-LDS window drilled at site 809 to the south.

Total Mass Flux Determinations

18. qur section lines were selected to cover mass flux flow
components in BANA. These were: line F-F', line Y-Y', line Z-Z', and
9th Avenue across the north side of section 26. Plates 13 through 16
illustrate the saturated thicknesses of aquifer materials, either
present or inferred, along each of these lines. Water levels were
plotted on each of the appropriate cross sections and the saturated
thickness of "coarse-grained" materials was measured. These were
plotted as a fupction of boriné location along the section. Cross
sectional areas of the saturated aquifer materials were calculated for
use in the expression for calculating flux, Equation 1 below:

Q=KiA (1)
where

Q is the total volume flux (gal/day).

K is the measured permeability,(gal/day-fta).

i is the hydraulic gradient (dimensionless).

A is the cross sectional area (ftz).

Values of A and K were substituted in the sbove expression along with
appropriate i values as interpolated from ?1ates 3 through 5.
19. Prior to making these calculations it become apparent that the

field permeability determinations in the ALL aquifer of BA@A were of

12
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poor quality and should not be used in the determination of total mass
fluxes. It was decided to back-calculate a value of X for the ALL from
pump test results from well No. 368 just north of 9th Avenue. Plate 16
shows the saturated thickness of ALL at 9th Avenue, a total cross
sectional area of 16,840 sq ft. The local gradient from Plate 3 was
yery low, and averaged roughly 0.0006 ft/ft. The K value from the pump
test of boring No. 368 was used, .33 cm/sec (7000 gpd/ftz). Thus, the
computed total volume of water in the ALL passing 9th Avenue away froﬁ
Basin F is 49.gpm. On the basis of water quality work done on wvater
from well 118 at the northeast corner of Basin F it has been shown that
Basin F fluid leaking into the ALL is diluted roughly tenfold. Therefore,
it was assumed that 5 gpm were leaking out of Basin F into the ALL.

This is a relatively reasonable number since: (a) if one assumes &
permeability for the bottom of Basin F of about 10'8 cm/sec (0.0002 gal/
day—ftz); (b) assumes a uniform head gradient of about 5 ft/ft driving
vertical leakage; and (c) assumes an aree for the basin of roughly 4 x
lO6 ft2; the leakage works out to less than 10 gpm. A total volume flux
was computed for the UDS at line Z-7', where heads indicate (Plates 3
and 4) that the UDS could be discharging into the ALL beneath Basin F.
This flux was computed to be about 13 gpm. This left a residual of

31 gpm (assuming the Basin F flow regime is in an equilibrium balance)
which needed to be erossing line Z-Z' in the ALL. By back solving using
this flux and gradients from Plate 3 the ALL permeability in BANA was
computed to be 480 x 10-k cm/sec (1019 gal/day—ft2). This value was

used in all calculations involving the ALL aquifer in BANA.

13
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20. Table 3 summarizes the total flux computations made for the
four lines previously mentioned. As had been shown in Reference e, flow
out of Basin A is quite low iﬂ all threé aquifers. An indépendent
calculation here of the flux across line F-F' in the ALL was within a
few percent of the flux computed in Referénce_g. By inspection of
Plate 3 it is obvious that all ALL flow across liné F-F' should also
eventually cross linés Y-Y' and Z-Z'. As can be seen in Table 3, the
ALL flux across both of these lines is about two orders of magnitude
higher than the present ALL flux out of Basin A. Three possible expla-
nations of this phenomenon are possible:

a. Field perméability, and therefore the flux calculations,

are erroneous.

o’

There is & great degree of interconnection among the three
aquifers, thereby rendering a water baiance between Basin A
and BANA too complex to compute from the available data
contrdl.
¢. There are water masses-in motion at RMA which reflect
different ages, and therefore, different rainfall infil-
tration and waste disposal rates, thereby rendering a
water-balance calculation meaningless»due to non-steady-
state flow éonditions.
The first of these explanations is probably not correct. Preliminary
results from the F-North Boundary Study indicate that the slug test
results very closely mimic the pump test results in the same area, and,

therefore, the slug.test results in BANA and Basin A are probably

1l
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reliable. The second of the explanations is quite feasible, since
several areés of interconnectivity among the three aguifers have already
been identified from boring logs both in Basin A (Reference‘g) and in
BANA. The_third explanation is also feasible since there is already at
least prima facie evidence of more than one water mass present in

Basin A (Reference &). Probably a combination of the second and third
possibilities applies, thereby rendering a mass balance computation for
BANA virtually impossible regardless of drilling control.

21, Different water masses in motion is argued for quite power-
fully in the ALL by comparison of Tablé 3 with Plate 3. Plate 3, as
contoured, shows a flow net which would not allow much, if any, of the
present ALL flow out of Basin A to travel to the north to flow under
Basin F. And yet, the northerly flow across line Y-Y' in the ALL is
almost 100 times that of the flow in the ALL exiting Basin A. Flow
across the westerly ALL channel of line Y-Y' is almost 250 times that of
the ALL flow exiting Basin A. Even if all of the flow from all three
équifers across line F-F!' were combined with all of the UDS and LDS flow
across Y-Y' (analogous to all "bedrock" flow discharging into the
alluvium), this total would still account for only 66.4 percent of the
ALL flow in the westerly diréction across line Y-Y'. Apparently the
flow across both segments of line Y-Y' in the ALL represents a "slug"
of 0ld water which may have exited Basin A as much as 20 years ago when

waste disposal in Basin A kept saturated flow volume high in the ALL.

15
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WATER QUALITY SURVEY

General
22. Field sampling work for thé groundwater quality study was
initiated in December 1978. The samples were récovered according to
the sampling schedule as given in Reference d, Appendix A. All samples
collected in one day were delivered to thé Material Analysis Laboratory
Division (MALD) for preparation and analysis the same day. The proce-

dures employed in the analysis of these samples can be obtained from RMA.

Methods of Data Analysis

23. All chemical results obtained for the study area were recorded
on plan maps. These data were also plotted on geologic cross sections
according to the depth from which the samples were recovered (well
screen depth). Based on the éross sections, the water quality data
were correlated and segregated for the various water-bearing units
within the study area. Since the contaminants exiting the Basin A
study area were found to be moving in the middle water-bearing unit,
thé UDS (Reference d), this unit was given primary emphasis in the data
analysis. The correlated data was averaged at each well screen location
and plotted on plan maps. Thus, these water quality results represent
a single picture in time of the distribution of the various contamif
nants within the study area. These averaged data were contoured and the

contaminant distributions were plotted using isoconcentration maps.

16
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Discussion of Results

24, The geology within the study area is complex, as was indicated
earlier. The less permeable clay layers which function as confining
beds between the various water-béaring zones were found not to be con-
tinuous over the study area. These "windows" in the confining layers
provide areas where vertical watér movement can occur between the various
water-bearing units. While this movément may be small enough so as not
to have a noticeable effect on a water balance in the study area, the
effect on contaminant distribution ovér time could bé significant.
Correlation of water quality data was difficult and numerous data gaps
in the control of groundwater movement, as well as water quality, were
noted. The four confaminants, chloride ion, oxathiane, diisopropyl-
methylphosphonate (DIMP), and dithiane idéntified in Reference 4 as
migrating into the BANA were closely evaluated. These were the only
contaminants found in sufficient quantities to merit evaluation. The
history of the disposal of these contaminants was discussed in Refer-
ence d. The distribution of these conteminants in the UDS is shown in
Plates 17 through 20, respectively. The contours close around the
Basin C area, although this may be an artifact of lack of-sample control
under Basin F. The ALL in this area is dry and it is believed that the
contaminant concentrations present in the UDS have resulted from vertical
moveﬁent of groundwater from the ALL to the UDS.

25, Prior to 1957, during the period when Basin A was an active

disposal area, there was a head on the groundwater system in the Basin A

17




11V¥a@ ININYOM

area, probably resulting from disposal activities. This head caused
infiltration and groundwater flow at levels above those vhich would
have occurred naturally. In order to accommodate this volume of con-
taminated groundwater there was significant flow in the ALL. That there
was significantly more flow in the ALL then was confirmed by Konikow's
1975 model work. When the Basin A dike was breached the quantity of
groundwater infiltration was réduced and the cross sectional area
required to carry alluvial flow was also reduced.. The "windows"

between the ALL and the UDS acted as "drainage points" for the ALL

into fhe UDS. In short, éfter use of Basin A was suspended, there was
not a sufficient quantity of groundwater flow to support both the ALL
and the UDS water-bearing units, and the water in the ALL moved verti-
cally to the lower units in‘adjustment to the new flow quéntities.
Because of the "windows" between the ALL and UDS these units can in some
ways be considered to be one water-béaring unit. If the quantity of
groundwater flow in this combined aquifér were reduced, the water table
would fall and areas that were once saturated would become desaturated
and;.eventually, dary.

26. The time for this occurfence over the study area would vary
with the distance from the source. The areas closest to the source would
be affected first. Thus it is understandable that a relatively definable
flow pattern from the ALL to the UDS has been established in the northern
part of Basin A between the G-G' well lines and the F-F' well lines
(Reférence d). As the distance from the source increased, however, the

nature and extent of this vertical movement would beccame less definable.

18
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Further, if groundwater movement rates are slow enough, or if the UDS

is not as extensive as the ALL, it would be possible to find high con-
taminant levels in the ALL. Thesé levels would be représentative of the
trailing edge of the old pollution plume that was exiting Basin A after
its period of active disposal operations. The groundwater and chemistry
conditions found in the BANA study area indicate that the above described
sequence of events was certainly feasible.

27. After use of Basin A was suspended the driving force and supply
of groundwater flow werenotebly reducéd. This effect moved down gradient
from Basin A into the BANA. Some contaminants were carried out of
Basin A with what may be looked upon as the "last flush" of pollutants
from the active disposal site. These pollutants drained to the Basin C
area. This "last flush" could have been a combination of both surface
water and groundwater flow. If, when the Basin A dike was breached,
the contained liquid was allowed to drain to Basin C, and was then pumped
into Basin F, some of the wastes témporarily contained in Basin C would
have infiltrated to the ALL groundwater system. The driving force
to move this water out of the area, however, was decreasing with time,
and the contaminants probably moved both vertically and horizontally.
Also, during this time, flushout of Basin A was continuing and contami-
nants were migrating across the F-F' well line into the study areé in
the UDS. This movement would have been slow, but it did help augment
the contaminant levels .in the UDS. If the contaminants moving vertically
migrated essentially as a "slug" of highly contaminated water into the

UDS, & closed contour pattern would be expected. This is the pattern
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that has been observed in the study area. Judging by the slow rate of
groundwater movement in the study aréa, approximately 6 cm/day

(0.2 ft/day) across the F-F' line, it is feasible that this movement
pattern has taken in excess of 20 years to develop, and it may take
longer than that to naturally flush the upper water-bearing unit.

28, If the extent of the ALL is greater than the UDS, or if the
groundwater movement réte is slow enough, it might bé possible to locate
the high contaminant levels in the ALL which represent the trailing
edge of the contamination plumes from the original Basin A disposal
sctivities, Plate 21 shows the distribution of chloride ion in the
ALL, Comparison of Plates 18 and 21 shows that where the UDS chloride
plume ends, the ALL plumé is continuous with it. Further, comparison of
Plates 18 and 21 with Plate 3, depicting the groundwater levels in the
ALL, indicates that the contaminant distribution in the UDS~matches
well with the dry ares in thé ALL and the conteminant plumes in the
ALL also correlate with the groundwater pattern shown.

29. Based on field information, the above scenario appears
feasible and is compatible with known historical information as well
as the data derived from the Basin A study. However, the gbove
discussion is qualitative. A quantitative enalysis will be needed to
determine the fluxes and rates of movement of the contaminated flow.
Because of the complexity of the BANA hydrogeology, and because place-
meﬁt of the piezometers (800 series borings) is relatively wide spaced,
it is considered that the availsble information is not sufficiently well

detailed to allow a strict quantitative analysis. Contaminant flux
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diagrams drawn from the available information would not be éonsidered
rgliable. The available data is sufficient for a good qualitative

analysis, but not for quantification of contaminant movement.
CONCLUSIONS

30. The BANA is probably the area of the RMA with the most complex
geology and geohydrology. The high degree of interconnectivity among
the three aquifer units demonstrated from only 26 new borings indicates
that there is probably insufficient boring control in the BANA to provide
definitive stratigrephic control for adequate description of the ground-
water flow regime.

31, Water quality monitoring in the BANA also indicates a complex
set of interactions among the three aquifers. It would be very desirable
to have well screens in many locations where they do not exist now, and
further, more new boring sites and well screens would be highly desirable.

32. At present the contribution of contaminated flow from Basin A
ALL to the total ALL flow in the BANA is virtually insignificant. It
has probably been insignificant for at least several years, and will
probably remain so at least until the front from the "mound" in the
southern end of Basin A (Reference e) reaches the exit in the neck of
Basin A.

33. With heads in the ALL higher than in the UDS, there is a high
probability that contaminants in transport in the ALL are being "under-
drained" into the UDS. This would make migration in the UDS much more

important than heretofore suspected.
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34, Chemical contamination has spread from the Basin A area into
the Basin C, D, and E area. This contamination is primarily in the UDS
with the highest recorded levels in the Basin C area. It eppears that
this contamination may have migrated vertically from the ALL into the
UDS. Rates of yvertical movement versus horizontal movement, as well as
fhe complex interrelationship of these two, are not known quantitatively.

35. The LDS showed little contamination in the study area. The
deep screens in the Basin C area weré the only points where some con-
taminants were found; but at low levels (for example, DIMP was less than
100 ppb). However, contaminants havé migrated to that depth and "windows"
between the UDS and LDS have been documented. In general the ground-
water heads in the BANA are such that water will move progressively
deeper. Thus, if "windows" between water-bearing units are in the
contaminated flow path, contamination will move to the deeper water-
bearing units, Vertical movement rates are not known, but are probably
much slower than horizontal movement rates. Given time it is very

prohable that the contamination in the UDS could move to the LDS.
RECOMMENDATIONS

36. There are five main data gap areas:
' é, Between Basin C and the F-F! well'line, where only boring
No. 658 exists, it was too shallow and no samples could
be recovered. -
’
b, The Basin C area appears to be a "hot spot" for contam-

ination in the UDS and requires more detail to be quanti-

fied.
22
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c. The narrow area between Basin C and Basin F. The
existing wells in this érea were drilled and screened
in the UDS and no data is available about the ALL. These
data could be significant to the interpretation and quanti-
fication of the interrelationships betwéen the aquifers.
Data obtained from these wells may be affectéd by water
from the upper aquifer moving down around the well casing
and into the lower screen. The water quality déta from
these wells all correlated véry well for all contaminants
at all depths suggesting cross contamination. None of the
data could be used. This area is critical because it forms
the last line of sampling before groundwater flow moves
under Basin F. The lack of reliable sampling points in
this area is one of the main reasons a quantitative hydro-
geochemical analysis could not be doné.

d. West of Basin F. The sampling points in this aréa are too
widely scattered to allow quantitative definition,

e. Along the E-E' well line. These wells are all too shallow.
Based on the available data, it appears that the UDS is
pinching out in this area, but it may just be a localized
pinch-out with isolated exit areas along the E-E' line.
Without deeper wells in this area, no definition is
possible.

" 37. Table 4 is a listing of well screens which are recommended to

be installed at existing boring sites in order to enhance geochemical
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control of the geohydrologic regime in the BANA, Unless rotary drilling
serviées‘become available sooner, these installations should probably
be postponed pending results of the geohydrologic integration study to
be accomplished in Quarter U4, FY 79.

38. Table 5 is a listing of new exploratory borings and well
screens in the BANA which will fill in data gaps in the geohydrologic
and geochemical control presently available. These exploratory borings
can be done if auger drilling services become availsble prior to FY 80.
However, they should probably be postponed until after the recommenda-
tions of the geohydrologic integration study become available in early
FY 80.

- 39. Inspection and plotting of a number of boring logs and screen
emplacements have shown & number of installations which cross conmnect
two or more of the aquifer unite at RMA. These screen installations zare
probably aiding the acceleration of vertical migration of contaminants
between aquifers. The only proper way of mitigating this proﬁlem is to
drill out the offending screens and gravel packs and grout the holes to
provide a seal between aquifers. Table 6 is a listing of such wells.

40. The physical significance of the lowest heavy lines in the
stratigraphic cross sections (Plates 6-12) may be tested with heavy
mineral analyses. If the UDS and LDS are indeed different, then their
corresponding heavy numerical assemblages should show some statistically
significant differences. If they are genetically related, and the heavy
line is indeed & redox boundary, then the heavy mineral suites should be
quite similar. ‘Heavy mineral analyses are recommended to be performed

on not less than 10 UDS and 10 LDS samples.
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4l. The ages of water masses may be tested through Tritium-dating
of water samples from around the arsenal. Such a dating test is highly

recommended.
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Teble 2: Summeary of Peméability Data, Basin A Neck Aréa, Rocky Mountain Arsenal.

823 - FET

: K
Boring Type of Analytical Aquifer (cm/seﬁ) K K
Yo. Test® Method*¥ Screened** . (x 10°9)  (ft/day)  (gal/day/£t?)
723 SLUG c . Ups . 9.850 2.19 20.88
723 SLUG c LDS < 0.137 0.0k 0.29
T24 FHT c uDsS L.150 1.18 8.80
724 SLUG c s 19.500 5.53 L1.13
125 FHT c ALL 1.600 0.k5 3.3
725 SLUG c LDS 5.460 1.55 11.58
4ss SLUG c UDns 12.150 3.4 25.76
Lss SLUG c LDS 18.320 5.19 38.84
493 SLUG c uDsS 22.430 6.36 47,56
493 SLUG c D3 0.013 0.01 0.03
uost SLUG c UDs 71.200 20.18 150.96
L96 SLUG c DS 19.360 5.49 41.05
8oL SLUG c uDs 3.497 0.99 7.4
801 SLUG ¢ 1DS 7.238 2.05 15.35
. 802 SLUG c uDs 7.281 2.06 15.4%
803 FET - B&R ALL 1.134 0.32 2.Lo
803 sLUG c ups 11.530 3.27 24,45
803 SIUG c LDS 19.030 5.39 %0.35
8ok FHT B&R ALL 41.990 11.90 89.03
8ob SLUG c LDS 7.232 2.05 15.33
806 SLUG c 108 0.202 0.06 0.43
- 80T FHT B&R ALL 2.2117 0.65 4,83
"~ 808 FHT [ ALL 2.4k 0.69 5.18
. 809 FHT - ¢ ALL 9.735 2.76 20.64
809 . SLUG c DS - 6.766 1.92 14,35
810 FHT ¢ ALL 5.986 1.70 12.69
812 FET - B&R ALL 0.438 0.12 0.93
812 sSLUG ¢ DS 22.800 6.46 L8.34
812 SLUG c s 21.320 6.0b 45,20
81k SLUG c UDs 5.509 1.56 11.68
- 815 FET BR ALL 0.083 0.02 0.18
815 SLUG c ups 3.866 1.10 8.20
816 SLUG c ups’ 7.733 2.19 16.40
817" sLuG ¢ po] 3.%95 0.99 7.8
818 SLUG ¢ uns . 2.450 0.69 5.19
818 SLUG o DS 1.289 0.37 2.73
819 SLUG c LDS 1.297 0.37 2.75
822 FHT c ALL 11.900 3.37 25.23
B&R ‘IDS 1.571 0.45 3.33

L 2]
L 224

Slug = Slug Test or "Rising Head Test," FET = Falling Head Test.

C = Cooper, et al., assumptions, B&R = Bouwer and Rice assumptions.
ALL = Alluvium, UDS = upper Denver sand; LDS = lower Denver sand.

Bad test since water level was within gravel pack.
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